Open-circuit potential (OCP) measurements with zirconia-based sensors have been used for several decades in the metals industries to determine the oxidation state of high-temperature melts. Although amperometric techniques are known to provide additional kinetic and compositional analysis of the system, they have not been utilized by the metals industries to the same extent. In this work, three different amperometric techniques were examined to monitor high-temperature slags by utilizing zirconia-based sensors. Applied direct current (DC) potential steps and impedance frequency sweeps at fixed applied DC potentials were shown to clearly distinguish between slags having the same oxidation state but different quantities of FeO x in low concentrations. The techniques were also shown to reveal information on the transport properties, slag structures, dissociable oxide type, and buffering capacity of the slag to a given oxidation state. The third technique, coulometric titration, was shown to easily differentiate between slags containing different quantities of FeO x in larger concentrations. The ion-selective membrane properties of the zirconia allowed the coulometric titration to proceed at current efficiencies near 100 pct. This may be useful in developing technology for the recovery of metals from oxide waste streams.
I. INTRODUCTION
of oxygen. [16, 17] However, surprisingly little work has been done using such measurements on high-temperature molten-STABILIZED -zirconia-based oxygen activity sensors oxide systems. The theory behind alternating current (AC) are utilized extensively throughout the steelmaking process and direct current (DC) electrochemical measurement techfor better control of deoxidation, continuous casting, and niques has been covered extensively by several authors [18, 19] ingot-making processes. [1] [2] [3] [4] [5] Oxygen activity measurements for the analysis of aqueous electrolyte solutions. This theory are usually taken within the molten metal for a direct reading should not change dramatically for different electrolyte sysof the oxygen dissolved within the steel melt. However, the tems such as oxide melts. Electrolytic methods have been composition of the slag phase should not be ignored, because utilized with some success for determining cationic transport it has a strong influence on the resulting composition of the numbers within oxide melts, [20, 21] but investigations were final metal product. The relative amounts of transition metal limited, as investigators realized that metals could not be oxides such as FeO x , CrO x , and MnO x are known to set the produced easily by direct electrolysis of molten oxides. Meaoxygen activity within an oxide melt, thereby controlling surements did demonstrate the diffusive nature of the rate the oxidation and reduction reactions that occur at the slag/ limitation at a metallic cathode for small applied potentials metal interface. Chemical analysis for these transition oxides within oxide melts. [22, 23] Other measurements at lower temrequires more than 30 minutes, while processes such as ladle peratures for the analysis of glass have been conducted near refining may be completed in less than 30 minutes. This 1200 ЊC. [24, 25] The limited number of measurements made delay creates difficulties in process control. In order to deterfor these systems can also probably be attributed to the mine the slag composition in situ, several investigators have experimental difficulties associated with the operation of explored the use of zirconia probes to estimate the concentrahigh-temperature electrochemical cells, which undergo probtion of FeO x within the slag phase. By measuring the openlems with chemical stability of both electrodes and containcircuit potential (OCP) across the probe, the oxygen activity ment vessels. of the slag phase can be estimated and then related to the This work demonstrates that additional knowledge of the FeO x concentration by assuming slag/metal equilibrium and slag structure, transport properties, and composition can be using knowledge of the slag structure and thermodynamobtained with zirconia-based sensors by utilizing amperomeics. [6, 7] Unfortunately, such techniques become more difficult tric measurements. The use of a zirconia electrolyte is if the slag is not in equilibrium with iron or if the slag important, because it provides a foundation for a stable structure is not well known.
oxygen reference state, a conductive noncorrosive anode Amperometric techniques utilizing zirconia membranes material, and a method for reducing electronic short-circuit have been successful at elevated temperatures for gas senconditions for slags containing large quantities of FeO x . sors, [8, 9] diffusion-coefficient measurements, [10] moltenAmperometric results are easily analyzed for slags conmetal refining, [11] [12] [13] [14] fuel cells, [15] and coulometric titration taining low concentrations of dissociable oxides. The low currents generated allow for increased sensitivity to the dis- difficult to analyze due to the large currents generated, which amplify any geometric uncertainties within the cell. A coulo- immersed electrode and the use of a physically discrete primary reference electrode (RE1) in contact with the refer-A. Slags Investigated ence gas phase. In all cases, the zirconia solid electrolyte The slag compositions were separated into two groups:
separates the reference gas phase, consisting of air, from the those containing a high FeO x concentration (Ͼ10 wt pct) slag phase to be measured. An inert argon gas (99.999 pct and those containing a low FeO x concentration (Ͻ10 wt purity) is passed through the slag system in order to prevent pct). Within each group, the CaO-Al 2 O 3 -SiO 2 ratios were any slag/gas reactions from occurring during experimentaheld constant while the FeO x content was varied.
tion. The thermoelectric effects were compensated in the electrode arrangement. to provide an S-type thermocouple (T/C) for temperature The viscosity of H slag with no FeO x is around 0.8 Pa-s. [26] measurement. For the type-A setup, the Pt/10 pct Rh wire was utilized as the CE and the Pt wire was utilized only for L slags:
T/C measurements. An additional electrode was utilized in the gas phase for the type-A measurements, consisting of z ϭ {0, 1, 2, 4}
another T/C where the Pt electrode was used as RE1. For The viscosity of L slag with no FeO x is around 0.4 Pa s. [26] the type-B measurements, the Pt wire was also utilized as RE1 and the Pt/10 pct Rh electrode was utilized as the 2. High FeO x concentration CE. The working electrode (WE) and secondary reference (0.37CaO Ϫ 0.63SiO 2 ) 100Ϫz (Fe 2 O 3 ) z z ϭ {20, 30, 40} electrode (RE2) were composed of Pt and Pt/10 pct Rh wires (Engelhard standard grade), respectively. The wires were The phase diagrams representing the Al 2 O 3 -CaO-SiO 2 -carefully immersed 0.55 cm (Ϯ0.05 cm) into the slag in FeO x and CaO-SiO 2 -FeO x slag systems and their physical order to control the surface area of the WE. The wires and some transport properties can be found in the literawere insulated using a double-bore alumina tube, in order ture. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] The slag compositions were intentionally chosen to prevent inadvertent contact between the WE, RE2, and such that the melting points were located below 1450 ЊC.
ZrO 2 . In type-C measurements, the weld bead of the Pt/10 The basicity of these slags, as defined by the equations pct Rh wire was located above the slag surface, and only a single wire was immersed into the slag. This helped to better B ϭ X CaO X SiO 2 ϩ X Al 2 O 3 for low FeO x concentration slags standardize conductivity measurements of the cell. The zirconia tubes used contained 4 mol pct Y 2 O 3 , and their transport properties were characterized as described in B ϭ X CaO X SiO 2 for high FeO x concentration slags a prior publication. [36] A proper amount of slag sinter was charged into the sensor at room temperature, such that the ranged from 0.6 to 1.1, indicating significant anion polymerslag height would be approximately 1.5 cm from the tube ization within the slag structure. Acidic slags were investibottom when molten at operating temperature. This generally gated in order to prevent dissolution of the zirconia.
varied between 1.1 and 1.6 g, depending upon the inner diameter (ID) of the zirconia tube. Figure 2 describes the general experimental setup surAn oxide mixture of CaO (Alpha-Aesar 99 pct purity), SiO 2 (Alpha-Aesar 99.5 pct purity), Al 2 O 3 (Alpha-Aesar rounding the electrochemical cell. A MoSi 2 resistance furnace was utilized to heat the cell assembly. In order to 99.5 pct purity), and Fe 2 O 3 (Alpha-Aesar 99 pct purity) powders was mixed in the applicable ratio for each slag prevent thermal shock to the zirconia tube, the cell was heated at a rate of 4 ЊC/min to the operating temperature. composition. The SiO 2 , Al 2 O 3 , and Fe 2 O 3 powders were preheated at 200 ЊC for 2 days in order to remove any All experiments were conducted at temperatures near 1470 ЊC, and the electrode cell was positioned in the same location absorbed water vapor. The CaO was precalcined at 1000 ЊC for 6 hours in order to remove any CaCO 3 . The oxide powin the furnace for each experiment in order to ensure that any temperature gradients were identical for all cases. Argon ders were thoroughly mixed for 24 hours on a ball mill using isopropyl alcohol and Al 2 O 3 milling media. The mixture gas (99.999 pct purity) was passed through the system using an Aalborg gas flowmeter in order to maintain a constant was dried under argon, pressed at 5000 psi, sintered at 1000 ЊC for 6 hours, and then recrushed to provide a feed material flow rate of 15 mL/min, which provided a gas shield for the slag phase. The exit gas from the system was analyzed for the experiment. Part of the feed material was melted at
